Macrophages are a cornerstone of the innate immune system. They detect infectious organisms via a plethora of receptors, phagocytose them, and orchestrate an appropriate host response. Phagocytosis is extraordinarily complex: numerous receptors stimulate particle internalization, the cytoskeletal elements mediating internalization differ by receptor system and the nature of the pathogen being internalized, and the outcome can differ by bacterium. After generating a panel of 150 monoclonal antibodies that recognizes proteins recruited to the phagosome, analysis of novel phagocytic proteins was prioritized by focusing on those that behave differently during the internalization of virulent and avirulent bacteria. Several novel proteins that have roles in membrane extension were characterized. Although the inflammatory pathways leading to appropriate host response are reasonably well defined, it is not clear how macrophages define the threat precisely. Recent work indicates that Toll-like receptors play a key role in reading a "bar code" on invading microorganisms and in eliciting a specific immune response. The mechanisms and coupling to the phagocytic response are discussed.
The immune response to microbial pathogens relies on both innate and adaptive components. Innate immunity is the first line of defense against microbial infection. It is mediated primarily by white blood cells, such as macrophages, neutrophils, and dendritic cells (DCs), although I will focus only on macrophages.
Macrophages are found in all body tissues, where they serve as sentinels in wait for pathogens; the invaders shed a variety of chemotactic agents that alert the macrophages to the infection. The cells bind the pathogens via phagocytic receptors that initiate the cytoskeletal rearrangements and membrane trafficking that is required for phagocytosis [1] [2] [3] . Once the pathogen is internalized, the phagosome matures to become a phagolysosome where the pathogen is killed by a wide variety of microbicidal mechanisms. These include reactive oxygen and nitrogen intermediates and toxic peptides. The dead microbes are digested, mainly through the action of hydrolases, and microbial peptides reach the major histocompatibility complex (MHC) class II molecules via a complicated route of membrane trafficking. The peptides bind to the MHC molecule, and the complexes are transported to the cell surface, where the peptide/MHC class II complex binds to its cognate T cell receptor. This process, called antigen presentation, results in specific T cell activation and is the interface between the innate and adaptive immune systems. Concomitantly, the antigen-presenting cells will secrete inflammatory mediators, including cytokines that further instruct the adaptive immune response. Here I will focus on the mechanism of phagocytosis and how this is coupled to the inflammatory response.
PHAGOCYTOSIS
Phagocytosis is an ancient adaptation. In primitive organisms, it is primarily used for the acquisition of nutrients [4] , whereas, in higher organisms, it occurs in specialized cells (e.g., macrophages, DCs, and neutrophils) and is required for a wide variety of specialized biologic events. It is the first step in triggering host defense and inflammation, it is required for the removal of the enormous numbers of senescent cells that die every day, and it is needed for embryonic development and tissue remodeling [1, 2] .
Phagocytosis can be broken down into a series of defined steps: receptors on the cell surface recognize and bind to the pathogen; signals are generated that induce actin polymerization under the membrane at the site of contact; actinrich membrane extensions reach out around the particle; the membranes fuse behind the particle, pulling it in toward the center of the cell; and the phagosome matures via a series of membrane fusion and fission events to become a phagolysosome. The phagolysosome is an acidic, hydrolytic compartment in which the pathogen is killed and digested in preparation for antigen presentation. This general model is reasonably useful in facilitating the dissection of phagocytosis. However, the precise mechanism of internalization is remarkably heterogeneous and depends, in large measure, on the type of receptor or receptors that participate in particle recognition and, in particular, on the nature of the particle [1] . Thus, although Fc receptor (FcR)-mediated phagocytosis is initiated by membrane protrusions that extend around the particle, particles internalized through the complement receptor appear to sink into the cell without significant membrane protrusion [5, 6] . These differences are due to different cytoskeletal elements that are assembled at the site of phagocytosis. In addition, the inflammatory consequences of particle internalization vary remarkably. Phagocytosis mediated by the Fc receptor is strongly proinflammatory, complement receptor-mediated phagocytosis is noninflammatory, and the uptake of apoptotic cells is anti-inflammatory [1] .
Particle recognition. A primary challenge to the innate immune system is the discrimination of numerous potential pathogens from self by using a restricted number of germ-line encoded phagocytic receptors. This problem is compounded by the propensity of pathogens to mutate. This challenge has been met by the evolution of a variety of receptors that recognize conserved motifs on pathogens that are not found on higher eukaryotes. These motifs are essential to the biology of the invader and, therefore, are not subject to high mutation rates. Janeway [7] proposed calling the receptors "pattern-recognition receptors" (PRRs) and the targets of these receptors "pathogen-associated molecular patterns" (PAMPs). Pathogenassociated motifs include mannans in the yeast cell wall, formylated peptides in bacteria, and lipopolysaccharides (LPSs) and lipoteichoic acids on the surface of gram-negative and gram-positive bacteria.
The recognition mechanisms leading to phagocytosis can be pattern based, humoral, or a combination. Phagocytic receptors that recognize patterns on pathogens include the mannose receptor and DEC-205 that recognize mannans, dectin that recognizes b-glucans and integrins (e.g., CD11b/CD18), and scavenger receptors that recognize surface components on bacteria [2] . The repetitive ligands on the particle cross-link the phagocytic receptors that then initiate the cytoskeletal rearrangements and membrane trafficking that are the cornerstones of phagocytosis. Humoral components that opsonize infectious agents before being recognized by phagocytic receptors include complement, which binds to complement receptors, the mannosebinding protein, which opsonizes mannans to be bound by the C1q receptor, and surfactant protein A, which binds carbohydrates and is recognized by a transmembrane receptor, surfactant-associated protein A receptor 210. Antibodies represent an intersection between adaptive and innate immunity: they recognize their cognate ligands on infectious agents with exquisite specificity but are bound and internalized through their generic Fc domains by the Fc family of receptors.
Particle internalization. Particle internalization requires activation of a number of signaling pathways that together orchestrate rearrangement of the actin cytoskeleton, extension of the plasma membrane, and fusion to form a phagolysosome. In addition, many molecules that have a role in particle ingestion also participate in signaling events that lead to gene transcription and protein secretion, alterations in cell morphology, and activation of antimicrobial mechanisms. The extensive overlap in signaling molecules used for these different processes and the concomitant recruitment of these molecules to phagosomes make it likely that the different signaling pathways interact functionally [2] .
An overwhelming number of signaling molecules participate in regulating phagocytosis. One approach that has been successful in analyzing biologic complexity has been the definition of constriction points within signaling pathways. A number of these have been defined for phagocytosis, and a few examples are instructive.
Protein kinase C (PKC). At least 5 of the 12 isoforms of PKC are expressed in macrophages and recruited to membranes during phagocytosis, where their activities are required for particle internalization [8] . PKC is required at the earliest stages of particle internalization: it participates in the formation of actin filaments beneath the site of particle binding [9] . Downstream effectors of PKC activation include the myristoylated alanine-rich C kinase substrate (MARCKS) family proteins [10] . MARCKS proteins regulate actin cytoskeletal interactions with the plasma membrane and are associated with phagocytosis and membrane trafficking. PKCs are also required for cytokine production and antimicrobial activation induced by a variety of stimuli.
Phosphoinositide (PI)-3 kinase and phospholipase C (PLC).
PI-3 kinase catalyzes the phosphorylation of PI(4,5)P 2 to PI(3,4,5)P 3 , a phospholipid important in recruiting signaling molecules such an as the kinase Akt/PKB to specific regions of membrane. Inhibition of PI-3 kinase blocks phagocytosis of a broad spectrum of particles that include IgG-and complement-opsonized particles, unopsonized zymosan, and bacteria, clearly demonstrating a universal role for PI-3 kinase activation in particle internalization. Blockade of PI-3 kinase does not inhibit particle binding or initial actin polymerization beneath the particle, which suggests that initial phagocytic signaling is intact [11] . Instead PI-3 kinase is required for membrane extension and fusion behind the particle, perhaps by regulating the insertion of new membrane at the site of particle internalization [12] .
PLC cleaves PI(4,5)P 2 , releasing IP 3 (inositol triphosphate) and DAG (diacylglycerol), second messengers that mobilize intracellular Ca ++ stores and activate PKC family members, respectively. Like PI-3 kinase, PLC is recruited to phagosomes containing IgG-opsonized particles, and inhibition of its activity blocks particle internalization. Unlike PI-3 kinase inhibitors, PLC inhibitors completely block the formation of actin filaments beneath the site of particle contact, strongly suggesting that the main role of PLC in particle internalization is to activate PK Cm [3] .
Although, PI-3 kinase and PLC activation are required for the mechanical aspects of particle internalization, they are also implicated in proinflammatory signaling induced by particulate stimuli. Thus, PI-3 kinase is recruited to certain Toll-like receptors (TLRs) when cells are stimulated with heat-killed Staphylococcus aureus, and activation of PI-3 kinase has been implicated in the activation of NF-kB and the induction cytokine production in macrophages by pathogens [13] . Similarly, PLC activity is required for proinflammatory signaling in macrophages, primarily through participation in mitogen-activated protein (MAP) kinase pathway activation.
Rho guanine triphosphate (GTP)ases. Members of the Rho family of GTPases coordinate actin dynamics during cell adhesion and motility and participate in a variety of signaling cascades, including activation of MAP kinases and activation of transcription factors. The role of Rho family members at the intersection of the actin cytoskeleton and intracellular signaling makes these proteins particularly interesting candidates as molecules that may couple phagocytosis to inflammatory responses. In this regard, it is of interest that a number of pathogenic bacteria have evolved mechanisms to regulate Rho family GTPases as a means of avoiding immune clearance. Thus, Yersiniae species avoid phagocytosis by host immune cells in part by secreting, via a type III secretion system, a protein called YopE into the cytoplasm of host cells [3] . YopE is a GTPase-activating protein (GAP) for Cdc42, Rac, and Rho, and thus rapidly deactivates these proteins, thereby inhibiting the actin rearrangements necessary for phagocytosis. Similarly, Pseudomonas aeruginosa secretes a protein with Rho family GAP activity called ExoT into host cell cytoplasm to avoid its uptake and clearance.
Large-scale approaches to identifying novel proteins involved in phagocytosis. The application of global approaches and high throughput technology has generated a vast parts list of proteins that may participate in the phagocytic process. In one study that used mass spectrometry, 1250 phagosome-associated proteins were identified [14] ; in another, ∼150 monoclonal antibodies (MAbs) were generated to phagosomal proteins [15] . To integrate this complexity into working models of phagocytosis, new approaches and technologies must be developed.
My colleagues and I have generated MAbs that recognize phagosomes at various stages of maturation [15] . The complex immunogen for hybridoma generation was produced by purifying FcR phagosomes at various stages of maturation from LPSprimed mouse peritoneal macrophages. Approximately 150 lines were isolated that produce MAbs that stain phagosomes. The subcellular distribution of each antigen, timing of association with maturing phagosomes, and association with phagosomes containing zymosan, IgG-opsonized particles, complementcoated particle, and a variety of bacteria were examined. A central challenge is prioritizing the proteins to focus on and then obtaining functional information regarding their role.
Because pathogens have probed and circumvented innate defenses for millennia, we initially concentrated on proteins that differentially associate with vacuoles containing various infectious agents. For example, MAb M8D10 recognizes a protein that transiently associates with FcR, CR (complement receptor), and MR (mannose receptor) phagosomes but that permanently associates with vacuoles containing Chlamydia pneumoniae (authors' unpublished data).
The gene encoding the antigen recognized by M8D10 was related to amphiphysin II, a protein that is associated with receptor-mediated endocytosis. Because of its similarity to amphiphysin II, we called the macrophage protein "amphiphysin IIm" [16] . It was shown elsewhere that amphiphysin II binds adaptor protein-2 and clathrin; this complex associates with the invaginating endocytic vesicle. Amphiphysin II also contains an Src homology 3 (SH3) domain that binds the GTPase dynamin, thereby recruiting it to the forming endosome. Dynamin polymerizes at the neck of the endosome and promotes its scission and detachment from the plasma membrane, thereby forming a free endocytic vesicle. Dynamin contains at least 3 functional domains: a GTPase domain, a pleckstrin homology domain that interacts with inositol lipids, and a prolinerich domain that binds multiple SH3-containing-proteins, including amphiphysin, PI-3 kinase, phospholipase C, and Src tyrosine kinases [17] . Mutation of lysine 44 within the GTP binding site of dynamin-to-alanine prevents GTP binding and hydrolysis and is a dominant negative mutation.
Amphiphysin IIm binds to dynamin 2, and the role of these 2 proteins in regulating phagocytosis was probed with dominant negative mutants [16, 18] . Both mutants inhibited phagocytosis and appeared to do so by preventing the insertion of membrane into the forming pseudopod; actin polymerization was unaffected. This phenotype resembled that observed when PI-3 kinase was inhibited [11] ; and further investigation dem- onstrated that PI-3 kinase activation recruited amphiphysin IIm to the forming phagosome and that amphiphysin IIm then bound dynamin 2 via its SH3 domain [16] . This was required for the insertion of membrane into the forming pseudopod, because it attempted to extend around the particle.
COUPLING OF PHAGOCYTOSIS TO INFLAMMATION
Inflammation is a two-edged sword and must be tightly regulated. It has long been known that macrophages tailor responses that are appropriate to the pathogen, although the mechanism underlying this exquisite regulation was not known. Recently, much attention has been focused on the family of TLRs, PRRs that detect a plethora of PAMPs [19] [20] [21] [22] . These molecules can determine the specific nature of a pathogen, and since they are recruited to phagosomes they are ideal candidates as couplers of phagocytosis to inflammation. Because TLRs are described in detail elsewhere in this issue, I will only touch on them briefly. Also, because of the overwhelming number of recent publications, I will not reference individual contributions but will refer the reader to several reviews.
TLRs. The TLR family recently emerged as key mediators of PAMP detection and has become the archetypal PRR. TLRs derive their name from the Drosophila protein, Toll, which is involved in dorsal-ventral patterning during development and host defense in the fly [23] . TLRs are also highly homologous to interleukin (IL)-1 receptor (IL-1R) family members. Both TLRs and IL-1Rs have intracellular tails with a highly homologous region, coined the Toll/IL-1R (TIR) domain but have dissimilar extracellular domains. IL-1R family members have IgG repeats in the extracellular domain characteristic of many cytokine receptors, whereas TLR extracellular domains have a leucine-rich repeat structure reminiscent of CD14, a molecule well known for its role in the detection of bacterial LPS.
The first definitive link between TLRs and PAMP detection came from natural mutations in mice [24] . It has long been known that 2 mouse strains, C3H/HeJ and C57BL/10ScCr, are homozygous for a mutant Lps allele (Lps
) that confers hyporesponsiveness to LPS. The affected gene was identified as TLR4, and subsequent studies have confirmed that specific deletion of the gene in mice is sufficient to confer the Lps d/d phenotype [20] . To date у10 mammalian TLRs have been identified by sequence homology, and many of the stimuli that activate them have been defined (table 1) . Although most of the stimuli are derived from infectious agents, endogenous ligands (e.g., heat-shock proteins) have also been defined [21, 22] . In addition, TLR6 cooperates with TLR2 in the recognition of many ligands [25, 26] . Thus, the existence of a large number of TLRs, together with the observation that TLR specificity is determined by cooperation between receptors, suggests a mechanism for the generation of a large repertoire of TLR homo-and heterodimers that can detect a wide range of PAMPs and have the potential to generate a diverse set of intracellular responses.
TLR signaling. The intracellular signaling pathways activated by TLRs share many common features with IL-1R because of their conserved TIR domains. The activation of signaling through TIR domains results in the recruitment of the cytoplasmic adaptor molecule MyD88, activation of serine/threonine kinases of the immune response-activated kinase-2 (IRAK) IL-1 receptor-associated protein family, and, ultimately, degradation of IkB and translocation of NF-kB to the nucleus [21] .
Despite similarities between TLR and IL-1R signaling, there are important differences in mechanism and outcome. For example, although some genes (e.g., that for tumor necrosis factor-a) appear to be induced by both IL-1R and TLRs in macrophages, others are specifically induced by LPS. For example, although LPS up-regulates inducible nitric oxide synthase (iNOS), a response that is potentiated by interferon-g (IFNg), IL-1 is a poor inducer of iNOS even in the presence of IFNg. Similarly, although LPS potently up-regulates the scavenger receptor, MARCO (macrophage receptor with a collagenous structure), and the acute phase protein, TSG-14, IL-1 does not [27] . Even genes that are up-regulated by both IL-1 and LPS sometimes appear to be regulated via different mechanisms. Thus, both inflammatory agents stimulate matrix metalloproteinase (MMP)-9 and tissue inhibitor of metalloproteinase (TIMP)-1 induction in macrophages, but LPS does so through production of arachidonic acid and prostaglandin E2, whereas IL-1 induces the genes directly without a requirement for intermediate production of arachidonate metabolites.
Differences in outcome of activation of different TLRs. Of much more importance are the large differences and outcomes in signaling between different members of the TLR family. TLRs induce and suppress the transcription of an astounding number of genes (12000), and, although there is a large subset in common between different TLRs, many genes are independently regulated. For example, stimulation of cells with different TLR ligands suggests that TLR4-specific responses include the secretion of interferon-induced protein-10, IFN-b, and IL-12 p70. In contrast, TLR2 responses include the secretion of IL-8, the inhibitory form of IL-12 (p40 homodimer), and IL-23 [28, 29] . In addition, certain LPS-induced responses do not require MyD88. For example, LPS-induced DC maturation does not require MyD88 but does require TLR4 [30] , yet DC maturation induced by CpG (cytosine-phosphodiesterguanine) DNA through TLR9 does not occur in MYD88-deficient DCs, suggesting that TLR4 interacts with signaling molecules and that TLR9 does not [20] .
The differences in signaling may be attributed, in part, to signaling molecules that specifically associate with different TLRs. For example, TIRAP/MAL (TIR domain-containing adaptor protein/MyD88 adaptor-like) associates with TLR4 and stimulates IRAK and PKR (double-stranded RNA-binding protein kinase), whereas PI-3 kinase associates with TLR2 and activates the kinase Akt [22] . An additional source of differential signaling through TLRs can also arise through the differential expression of TLRs on different cell types.
Thus, TLRs may read a "bar code" on pathogens and translate this into a tightly tailored response. For example, if microbe 1 activates TLR4 and TLR5, it is likely to be a flagellated gramnegative organism, whereas TLR2 and TLR6 together with TLR5 will detect a flagellated gram-positive bacterium [22] . This could also result in different outcomes; for example, 2 populations of antigen-presenting cells with different TLR responses may differ in their capacity to elicit a Th1 or Th2 response, thereby tailoring adaptive immunity.
